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METHOD FOR FORMING A 
SEMICONDUCTOR DEVICE AND 

STRUCTURE THEREOF 

RELATED APPLICATION 

This is related to US. patent application Ser. No. 11/273, 
092 ?led Nov. 14, 2005, and entitled “Electronic Devices 
Including A Semiconductor Layer And A Process for Form 
ing The Same” and is assigned to the current assignee hereof. 

FIELD OF THE INVENTION 

The invention relates in general to semiconductor devices, 
and in particular to a method for forming a semiconductor 
device. 

RELATED ART 

Using silicon germanium materials in some silicon based 
semiconductor devices can provide a signi?cant improve 
ment in performance of the devices. For example, the silicon 
germanium materials may be used to increase the hole and 
electron mobility in the channel region of a transistor. An 
improved method for forming devices using silicon germa 
nium materials is desired. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention is illustrated by way of example and 
not limited by the accompanying ?gures, in which like refer 
ences indicate similar elements, and in which: 

FIG. 1 is a cross-sectional view of a portion of a wafer 
during a stage in its manufacture in accordance with one 
embodiment; 

FIG. 2 is a cross-sectional view of a portion of a wafer 
during a stage in its manufacture in accordance with one 
embodiment; 

FIG. 3 is a cross-sectional view of a portion of a wafer 
during a stage in its manufacture in accordance with one 
embodiment; 

FIG. 4 is a cross-sectional view of a portion of a wafer of 
FIG. 2 during a stage in its manufacture in accordance with an 
alternate embodiment; 

FIG. 5 is a cross-sectional view of a portion of a wafer of 
FIG. 4 during a stage in its manufacture in accordance with 
one embodiment; 

FIG. 6 is a cross-sectional view of a portion of a wafer of 
FIG. 2 during a stage in its manufacture in accordance with an 
alternate embodiment; 

FIG. 7 is a cross-sectional view of a portion of a wafer of 
FIG. 5 during a stage in its manufacture in accordance with 
one alternate embodiment; 

FIG. 8 is a cross-sectional view of a portion of a wafer of 
FIG. 7 during a stage in its manufacture in accordance with 
one embodiment; 

FIG. 9 is a cross-sectional view of a portion of a wafer of 
FIG. 3, 4, 5 or 6 during a stage in its manufacture in accor 
dance with one embodiment; 

FIG. 10 is a top view ofa portion ofa wafer ofFIG. 2 during 
a stage in its manufacture in accordance with one embodi 

ment; 
FIG. 11 is a top view ofa portion ofa wafer ofFIG. 3, 4, 5, 

or 6 during a stage in its manufacture in accordance with one 

embodiment; 
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2 
FIG. 12 is a top view ofa portion ofa wafer ofFIG. 6 during 

a stage in its manufacture in accordance with one embodi 

ment; 
FIG. 13 is a top view ofa portion ofa wafer ofFIG. 8 during 

a stage in its manufacture in accordance with one embodi 

ment; 
FIG. 14 is a top view ofa portion ofa wafer ofFIG. 9 during 

a stage in its manufacture in accordance with one embodi 
ment; and 

FIG. 15 is a cross-sectional view ofa portion ofa wafer of 
FIG. 3, 4, 5, or 6 during a stage in its manufacture in accor 
dance with an alternate embodiment. 

Skilled artisans appreciate that elements in the ?gures are 
illustrated for simplicity and clarity and have not necessarily 
been drawn to scale. For example, the dimensions of some of 
the elements in the ?gures may be exaggerated relative to 
other elements to help improve the understanding of the 
embodiments of the present invention. 

DETAILED DESCRIPTION 

FIG. 1 is a cross-sectional view ofa portion ofa wafer 10 
during a stage in its manufacture in accordance with one 
embodiment. In one embodiment, wafer 10 comprises a sub 
strate 18, a insulating layer 16 overlying substrate 18, a 
monocrystalline semiconductor layer 14 overlying layer 16, 
and an insulating layer 12 overlying layer 14. In one embodi 
ment, substrate 18 is monocrystalline semiconductor material 
such as silicon. 

Alternate embodiments may use other materials for sub 
strate 18, such as, for example, sapphire, glass, or any other 
appropriate substrate material or combination or materials. In 
one embodiment, insulating layer 16 is a buried oxide layer 
(commonly called “BOX”) comprising silicon dioxide. Alter 
nate embodiments may use any suitable dielectric materials 
for layer 16, such as, for example, silicon nitride, metal oxides 
(e.g. hafnium oxide), or any plurality of layers of appropriate 
materials. In one embodiment, layer 14 is monocrystalline 
silicon on insulator (SOI) layer. In another embodiment layer 
14 may be silicon carbon crystal (SiC) or any other semicon 
ductor material with the appropriate properties. In one 
embodiment, insulating layer 12 comprises a capping layer of 
silicon nitride. Alternate embodiments may use any suitable 
dielectric materials for layer 12, such as, for example, metal 
oxides (e. g. hafnium oxide), or any plurality of layers of 
appropriate materials. In addition, alternate embodiments 
may include an oxide pad layer interposed between layers 14 
and 16 (not shown). Alternate embodiments may not use 
insulating layer 12. 

FIG. 2 is a cross-sectional view ofa portion ofa wafer 10 
of FIG. 1 after patterning layers 12 and 14 in accordance with 
one embodiment. The patterned portion of layer 14 is desig 
nated with reference number 22, and the patterned portion of 
layer 12 is designated with reference number 20. In one 
embodiment, structure 42 (formed of material 22) is a portion 
of a ?n of a FINFET (?n ?eld effect transistor), MIGFET 
(multiple independent gate ?eld effect transistor), Tri-gate 
(three non-independent gates) device, or multi-gate (a plural 
ity of non-independent gates) device. Note that in the case of 
a Tri-gate transistor, the region 20 may be removed and the 
geometry of region 22 (?n) may assume other aspect ratios 
(i.e. height vs. width) than those shown in FIGS. 2-7. In 
alternate embodiments, structure 22 may be a portion of a ?n 
of a different type of device. FINFETs, MIGFETs, Tri-gates, 
and multi-gates are just three examples of non-planar devices 
that make use of a ?n. In addition, although the illustrated 
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embodiment only shows one ?n, alternate embodiments may 
use any number of ?ns in the same device. 

FIG. 10 is a top view ofa portion ofa wafer ofFIG. 2 during 
a stage in its manufacture in accordance with one embodi 
ment. FIG. 10 illustrates how ?n 42 (comprised of material 
22) may be coupled to a ?rst current electrode 44 (comprised 
of material 22) and a second current electrode 46 (comprised 
of material 22). Although ?n 42 has been shown as having an 
approximately rectangular shape, the ?rst current electrode 
has been shown having an approximately circular shape, and 
the second current electrode has been shown having an 
approximately circular shape, alternate embodiments may 
use any desired shapes or geometries for structures 42, 44, 
and 46. 

Note that the same reference numbers 42, 44, and 46 have 
been used for FIGS. 10-13 to represent that ?n 42, ?rst current 
electrode 44, and a second current electrode 46 still all serve 
the same functional purpose for device 10. 

In various embodiments, 42 may comprise 20 and 22 if it is 
a top view of FIGS. 2-5, 42 may comprise 20, 22, and 32 ifit 
is a top view ofFIG. 6, and 42 may comprise 20 and 36 ifit is 
a top view of FIG. 8. In alternate embodiments, 42 may 
comprise fewer, more, or different layers than those illus 
trated. 

FIG. 3 is a cross-sectional view of a portion of a wafer 10 
of FIG. 2 during a stage in its manufacture in accordance with 
one embodiment. FIG. 3 illustrates wafer 10 after selective 
deposition of a semiconductor material 24. In one embodi 
ment, the semiconductor material 24 comprises silicon ger 
manium. Alternate embodiments may deposit any desired 
semiconductor material that has the necessary properties. In 
one embodiment, potentially a preferred embodiment, semi 
conductor material 24 may be monocrystalline. In alternate 
embodiments, semiconductor material 24 may be polycrys 
talline or amorphous. 

FIG. 4 is a cross-sectional view of a portion of a wafer of 
FIG. 2 during a stage in its manufacture in accordance with an 
alternate embodiment. FIG. 4 illustrates wafer 10 after non 
selective deposition of a semiconductor material 26. In one 
embodiment, the semiconductor material 26 comprises sili 
con germanium. Alternate embodiments may deposit any 
desired semiconductor material that has the necessary prop 
erties. In one embodiment, potentially a preferred embodi 
ment, the portion of semiconductor material 26 in contact 
with semiconductor material 22 may be monocrystalline. In 
alternate embodiments, all or various portions of semicon 
ductor material 26 may be polycrystalline or amorphous. 

FIG. 5 is a cross-sectional view of a portion of a wafer of 
FIG. 4 during a stage in its manufacture in accordance with 
one embodiment. FIG. 5 illustrates wafer 10 of FIG. 4 after 
anisotropic etch of layer 26, leaving spacers 28 disposed on 
the sidewalls of the stack 22, 20.Any appropriate etch may be 
used, such as, for example, a plasma etch. 

FIG. 11 is a top view ofa portion ofa wafer ofFIG. 3, 4, 5, 
or 6 during a stage in its manufacture in accordance with one 
embodiment. FIG. 11 illustrates how ?n 42 (comprised of 
material 22) may be coupled to a ?rst current electrode 44 
(comprised of material 22) and a second current electrode 46 
(comprised of material 22). Note that in one embodiment, 
FIG. 11 differs from FIG. 10 in that semiconductor material 
24 (see FIG. 3), semiconductor material 26 (see FIG. 4), or 
semiconductor material 28 (see FIG. 5) have been formed in 
contact with material 22 in FIG. 11. 

FIG. 6 is a cross-sectional view of a portion of a wafer of 
FIG. 2 during a stage in its manufacture in accordance with an 
alternate embodiment. FIG. 6 illustrates wafer 10 of FIG. 2 
after ion implantation 30 of wafer 10. In one embodiment, the 
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4 
ion implant species comprises germanium. Alternate embodi 
ments may implant any desired semiconductor species that 
has the necessary properties. In one embodiment, the germa 
nium atom dose may be in the range of 5><IOel4 to 5x10e15. 
In an alternate embodiment, the germanium atom dose may 
be in the range of 5><IOel3 to 5x10el6. Alternate embodi 
ments may use any desired germanium atom dose. In one 
embodiment, the ion implant angle may be in the range of 30 
degrees to 10 degrees (measured from the perpendicular to 
the primary wafer surface). In alternate embodiments, the ion 
implant angle may be in the range of 45 degrees to 5 degrees 
(again measured from the perpendicular to the primary wafer 
surface). In one embodiment, the ion implant energy may 
range from 5 keV to 80 keV. In an alternate embodiment, the 
implant energy may range from 1 keV to 120 keV. Alternate 
embodiments may use any desired ion implant energy. 

FIG. 7 is a cross-sectional view ofa portion ofa wafer of 
FIG. 5 during a stage in its manufacture in accordance with 
one alternate embodiment. FIG. 7 illustrates wafer 10 of FIG. 
5 after oxidation where the spacers 28 have been transformed 
into the silicon oxide portions 34 during oxidation. Note that 
in the illustrated embodiment, the oxidation not only trans 
forms spacers 28, but also may transform portions of material 
22. During this oxidation step, germanium atoms from spac 
ers 28 are injected into the remaining portion of material 22, 
transforming the original silicon material 22 into silicon ger 
manium material 36. Note that oxidiZing the ?n allows a 
channel region comprising silicon germanium to be formed in 
the ?n 36. In the illustrated embodiment, the channel region 
comprises all of ?n 36 once the oxide is removed (see FIG. 8). 
Alternate embodiments may only form the channel region in 
a portion of ?n 36. There are a wide variety of methods that 
may be used to perform oxidation, such as, for example, wet 
or steam oxidation, oxidation in hydrochloric acid ambient, 
or any other appropriate oxidation process. Note that the 
oxidation step may result in an effectively thinner ?n 36, 
beyond what the lithographic capabilities of processing 
equipment may allow. For some embodiments, a thinner ?n 
36 may produce fully depleted devices which have improved 
performance characteristics. 

Note that the embodiments of wafer 10 illustrated in FIGS. 
3 and 6 may also be oxidized in the same or similar manner as 
illustrated in FIG. 7. However, note that the top of region 34 
will be substantially level with the bottom of layer 20 for the 
embodiments illustrated in FIGS. 3 and 6. 

Note that the embodiment of wafer 10 illustrated in FIG. 4 
may be oxidized in the same or similar manner as illustrated 

in FIG. 7. However, note that the entire layer 26 may be 
transformed into silicon oxide. 

FIG. 8 is a cross-sectional view ofa portion ofa wafer of 
FIG. 7 during a stage in its manufacture in accordance with 
one embodiment. FIG. 8 illustrates the wafer of FIG. 7 after 
removal of the silicon oxide 34. Note that for some embodi 
ments, the etch process used to remove silicon oxide 34 may 
also cause erosion of the top portion of layer 16 if layer 16 is 
silicon oxide. In some embodiments, this erosion may be 
desirable due to better uniformity of gate strength across the 
entire ?n channel. 

FIG. 9 is a cross-sectional view ofa portion ofa wafer of 
FIG. 3, 4, 5 or 6 during a stage in its manufacture in accor 
dance with one embodiment. FIG. 9 illustrates one ?nished 
device 10, namely a FINFET transistor, that may use the 
structure of FIG. 8. In the illustrated embodiment of device 
10, a gate dielectric layer 38 is disposed over stack 36 and 20. 
In the illustrated embodiment, the gate dielectric layer 38 may 
be deposited by PVD (physical vapor deposition), ALD 
(atomic layer deposition), or CVD (chemical vapor deposi 
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tion). For PVD, ALD, and CVD, a variety of dielectrics may 
be deposited, such as, for example, metal oxides such as 
hafnium oxide, Zirconium oxide, tantalum oxide, or any com 
bination of any appropriate oxides, including oxides contain 
ing silicon and/ or nitride. Alternately, dielectric layer 38 may 
be grown on only the sidewalls of 36 by using conventional 
gate oxidation processes. Still referring to FIG. 9, the gate 
electrode may be deposited by CVD or PVD, and may include 
any appropriate gate materials, such as, for example, polysili 
con, metal, metal silicide, or any combination of appropriate 
conductive materials. Note that the processing required to go 
from FIG. 8 to FIG. 9 may be performed using any known and 
appropriate techniques. 

FIG. 12 is a top view ofa portion ofa wafer ofFIG. 6 during 
a stage in its manufacture in accordance with one embodi 
ment. Note that 32 illustrates the depth of the implantation 
pro?le. Alternate embodiments may use a different implan 
tation pro?le. 

FIG. 13 is a top view ofa portion ofa wafer ofFIG. 8 during 
a stage in its manufacture in accordance with one embodi 
ment. Note that the oxidation process has transformed region 
36 into silicon germanium, while the regions 48 and 50 
remain silicon material. The ?rst current electrode 44 com 
prises material 48 (e.g. silicon) and the portion of 36 (e.g. 
silicon germanium) surrounding 48. The second current elec 
trode 46 comprises material 50 (e.g. silicon) and the portion 
of 36 (e.g. silicon germanium) surrounding 50. In one 
embodiment of the present invention, the ?n (the portion of 3 6 
between the ?rst current electrode 44 and the second current 
electrode 46) is contiguous with the outer layer or region 36 
surrounding region 48, and is also contiguous with the outer 
layer or region 36 surrounding region 50. 

Note that in one embodiment, the oxidation process pro 
duces an outer region 36 of a ?rst current electrode 44 that 
comprises germanium while the inner region 48 of the ?rst 
current electrode 44 is substantially free of germanium. 
Although the diffusion of the germanium which occurs dur 
ing the oxidation process may result in a small amount of 
germanium diffusing into the inner region 48, inner region 48 
remains substantially free of germanium compared to the 
outer region 36. Note that in one embodiment, the oxidation 
process produces an outer region 36 of a second current 
electrode 46 that comprises germanium while the inner 
region 50 of the second current electrode 46 is substantially 
free of germanium. Although the diffusion of the germanium 
which occurs during the oxidation process may result in a 
small amount of germanium diffusing into the inner region 
50, inner region 50 remains substantially free of germanium 
compared to the outer region 36. 

FIG. 14 is a top view ofa portion ofa wafer ofFIG. 9 during 
a stage in its manufacture in accordance with one embodi 
ment. Note that the oxidation process has transformed region 
36 into silicon germanium, while the regions 48 and 50 
remain silicon material. The ?rst current electrode 44 com 
prises material 48 (e.g. silicon) and the portion of 36 (e.g. 
silicon germanium) surrounding 48. The second current elec 
trode 46 comprises material 50 (e.g. silicon) and the portion 
of 36 (e.g. silicon germanium) surrounding 50. Note that 
layer 38 is a dielectric layer and 40 is a gate electrode. 

FIG. 15 is a cross-sectional view ofa portion ofa wafer of 
FIG. 3, 4, 5, or 6 during a stage in its manufacture in accor 
dance with an alternate embodiment. FIG. 15 illustrates one 
?nished device 10, namely a MIGFET transistor, that may use 
the structure of FIG. 8. In the illustrated embodiment of 
device 10, a gate dielectric layer 38 is disposed over stack 36 
and 20. In the illustrated embodiment, the gate dielectric layer 
38 may be deposited by PVD (physical vapor deposition), 
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6 
ALD (atomic layer deposition), or CVD (chemical vapor 
deposition). For PVD, ALD, and CVD, a variety of dielectrics 
may be deposited, such as, for example, metal oxides such as 
hafnium oxide, Zirconium oxide, tantalum oxide, or any com 
bination of any appropriate oxides, including oxides contain 
ing silicon and/ or nitride. Alternately, dielectric layer 38 may 
be grown on only the sidewalls of 36 by using conventional 
gate oxidation processes. 

Still referring to FIG. 15, the gate electrode may be depos 
ited by CVD or PVD, and may include any appropriate gate 
materials, such as, for example, polysilicon, metal, metal 
silicide, or any combination of appropriate conductive mate 
rials. In one embodiment, the independent gate electrode 
portions 140 and 142 of gate electrode 40 may be formed by 
using a CMP (chemical mechanical polishing) process on 
gate electrode 40. Alternate embodiments may use any other 
desired and appropriate process to form the independent gate 
electrode portions 140 and 142. Note that by using CMP, the 
portion of gate electrode 40 overlying layer 20 is removed, 
resulting in two electrically independent gate electrode por 
tion 140 and 142. The processing required to go from FIG. 8 
to FIG. 15 may be performed using any known and appropri 
ate techniques. 

In the foregoing speci?cation, the invention has been 
described with reference to speci?c embodiments. However, 
one of ordinary skill in the art appreciates that various modi 
?cations and changes can be made without departing from the 
scope of the present invention as set forth in the claims below. 
Accordingly, the speci?cation and ?gures are to be regarded 
in an illustrative rather than a restrictive sense, and all such 
modi?cations are intended to be included within the scope of 
present invention. 

Bene?ts, other advantages, and solutions to problems have 
been described above with regard to speci?c embodiments. 
However, the bene?ts, advantages, solutions to problems, and 
any element(s) that may cause any bene?t, advantage, or 
solution to occur or become more pronounced are not to be 
construed as a critical, required, or essential feature or ele 
ment of any or all the claims. As used herein, the terms 
“comprises,” “comprising,” or any other variation thereof, are 
intended to cover a non-exclusive inclusion, such that a pro 
cess, method, article, or apparatus that comprises a list of 
elements does not include only those elements but may 
include other elements not expressly listed or inherent to such 
process, method, article, or apparatus. 

The invention claimed is: 
1. A method for forming a non-planar semiconductor 

device, comprising: 
forming a ?n, a ?rst current electrode, and a second current 

electrode of the non-planar semiconductor device, 
wherein the ?n, the ?rst current electrode, and the sec 
ond current electrode each comprises silicon; 

providing a source of germanium to the ?n, to the ?rst 
current electrode, and to the second current electrode, 

wherein providing the source of germanium to the ?n com 
prises implanting the ?n with germanium; 

oxidiZing to distribute the germanium throughout the ?n, to 
form an inner region and an outer region of the ?rst 
current electrode, and to form an inner region and an 
outer region of the second current electrode, wherein the 
outer region of the ?rst electrode comprises germanium 
but the inner region of the ?rst electrode does not com 
prise germanium, and wherein the outer region of the 
second current electrode comprises germanium but the 
inner region of the second electrode does not comprise 
germanium; and 
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completing formation of the non-planar semiconductor 
device. 

2. A method as in claim 1, wherein implanting the ?n with 
germanium comprises using an implant angle in a range of 30 
degrees to 10 degrees. 

3. A method as in claim 1, wherein said step of implanting 
the ?n with germanium comprises: 

using a germanium atom dose in a range of 5x10el3 to 

4. A method as in claim 1, wherein said step of implanting 
the ?n with germanium comprises: 

using an ion implant energy in a range of 1 keV to 120 keV. 
5. A method as in claim 1, wherein said step of providing 

the source of germanium to the ?n comprises: 
forming a silicon germanium layer on the sidewalls of the 

6. A method as in claim 1, wherein an insulating layer 
overlies at least a portion of the ?n. 

7. A method as in claim 1, wherein the non-planar semi 
conductor device is formed using a wafer portion comprising 
a ?rst insulating layer overlying a substrate, a monocrystal 
line semiconductor layer overlying the ?rst insulating layer, 
and a second insulating layer overlying the monocrystalline 
semiconductor layer. 

8. A method as in claim 1, further comprising: 
after said step of forming the ?n and before said step of 

providing the source of germanium, forming a silicon 
nitride layer overlying the ?n. 

9. A method as in claim 1, further comprising: 
after said step of oxidiZing the ?n, etching at least a portion 

of silicon dioxide formed during the oxidation step. 
10. A method as in claim 1, wherein the channel region 

comprises all of the ?n. 
11. A method as in claim 1, wherein the non-planar semi 

conductor device comprises a FINFET. 
12. A method as in claim 1, wherein the non-planar semi 

conductor device comprises a MIGFET. 
13. A method as in claim 1, wherein the non-planar semi 

conductor device comprises a Tri-gate transistor. 
14. A method for forming a non-planar semiconductor 

device, comprising: 
forming a ?n, a ?rst current electrode, and a second current 

electrode of the non-planar semiconductor device, 
wherein the ?n, the ?rst current electrode, and the sec 
ond current electrode each comprises silicon; 

providing a source of germanium to the ?n, to the ?rst 
current electrode, and to the second current electrode; 

oxidizing to distribute the germanium throughout the ?n, to 
form an inner region and an outer region of the ?rst 
current electrode, and to form an inner region and an 
outer region of the second current electrode, wherein the 
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outer region of the ?rst electrode comprises germanium 
but the inner region of the ?rst electrode does not com 
prise germanium, and wherein the outer region of the 
second current electrode comprises germanium but the 
inner region of the second electrode does not comprise 
germanium; and 

completing formation of the non-planar semiconductor 
device. 

15. A method as in claim 14, further comprising: 
removing at least a portion of an oxide formed during said 

step of oxidiZing. 
16. A method as in claim 14, wherein the non-planar semi 

conductor device comprises a FINFET. 
17. A method as in claim 14, wherein the non-planar semi 

conductor device comprises a MIGFET. 
18. A method for forming a non-planar semiconductor 

device, comprising: 
forming a ?n, a ?rst current electrode, and a second current 

electrode of the non-planar semiconductor device, 
wherein the ?n, the ?rst current electrode, and the sec 
ond current electrode each comprises silicon; 

providing a source of germanium to the ?n, to the ?rst 
current electrode, and to the second current electrode; 

oxidiZing to distribute the germanium throughout the ?n, to 
form an inner region and an outer region of the ?rst 
current electrode, and to form an inner region and an 
outer region of the second current electrode, wherein the 
outer region of the ?rst electrode comprises germanium 
but the inner region of the ?rst electrode does not com 
prise germanium, and wherein the outer region of the 
second current electrode comprises germanium but the 
inner region of the second electrode does not comprise 
germanium; and 

completing formation of the non-planar semiconductor 
device, 

wherein the non-planar semiconductor device is formed 
using a wafer portion comprising a ?rst insulating layer 
overlying a substrate, a monocrystalline semiconductor 
layer overlying the ?rst insulating layer, and a second 
insulating layer overlying the monocrystalline semicon 
ductor layer. 

19.A method as in claim 18, wherein said step of providing 
the source of germanium to the ?n comprises forming a 
silicon germanium layer on the sidewalls of the ?n, and 
wherein said step of forming the silicon germanium layer on 
the sidewalls of the ?n comprises deposition of silicon ger 
manium. 

20. A method as in claim 19, wherein the deposition of 
silicon germanium is selective. 
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